Abstract: An inductive wireless power transfer system is proposed as a power supply for an on-line monitoring system for an overhead catenary. Because of the high voltage (25 kV rms ) applied to the catenary, galvanic isolation was required to supply power to the attached monitoring system. The proposed wireless power system was able to transmit 50 W over a distance of 60 cm at 6.78 MHz. Design methodologies for the transmitter and the receiver coils, 6.78-MHz GaN-based full-bridge inverter, and rectifier are proposed in this paper. Pareto optimality, a multi-objective optimization technique, was used to determine optimal solutions in terms of efficiency and copper usage. A 100-W, 6.78-MHz full-bridge inverter was developed using 100 V, 35 A, E-HEMT GaN MOSFETs. Because of the high operating frequency, two factors were considered in the design of the full-bridge inverter, (1) close placement of the gate driver and the switch to minimize parasitic inductance and the resulting fluctuation of the drive signal and (2) effective heat dissipation from the switches and gate drivers for a high power rating. In addition, a full-wave rectifier was built using Schottky barrier diodes with a reverse recovery time of a few tens of nano-seconds. The developed wireless power system was experimentally evaluated. The measured coil-to-coil efficiency was 77%, and the measured efficiencies of the inverter and the rectifier were 92% and 93%, respectively. The overall system efficiency was 57% for a transfer of 47 W. Finally, the dependences of the efficiency on the distance, operating frequency, and load were evaluated.
Introduction
Applications of inductive wireless power transfer (WPT) technology have transitioned from W level biomedical devices to MW level transportation systems [1] [2] [3] [4] [5] [6] [7] [8] . Among the various applications, application that the WPT system is useful as a power supply: an on-line monitoring system for a high-voltage catenary (see Figure 1a ) [9] . Because of the high-voltage (25 kV rms ) of the catenary, the monitoring system cannot obtain power from a low-voltage grid (110 V rms or 220 V rms ) without having a sufficient insulation or isolation gap. According to [10] , the minimum isolation distance between a 25-kV rms overhead wire and ground is 25 cm (30-cm isolation distance is recommended). This is the reason that the lengths of the insulators used for 25-kV rms catenaries are longer than 30 cm (60 cm or longer insulators are common). Therefore, any system that supplies a low voltage power to the 25-kV rms catenary needs to transmit power over the lengths of the insulators.
shown in Figure 1b . The proposed WPT system collects power from a 220-Vrms single-phase grid and converts it to DC with a diode rectifier. Then, it is converted to a 6.78-MHz AC voltage and supplied to the transmitter (TX) coil using a GaN-based H-bridge inverter. The induced voltage of a receiver coil that is weakly coupled to the transmitter is rectified and supplied to the battery using a full-wave diode rectifier. The design details of the transmitter and the receiver coils, 6.78-MHz resonant inverter, and receiver side rectifier are described in following sections. 
Development of Transmitter and Receiver coils

Transmitter and Receiver Coil Design
There were three main constraints with regard to the design of the transmitter (TX) and the receiver (RX) coils; (1) the maximum sizes of the TX and RX coils were limited to 40 cm × 40 cm, (2) the minimum distance between the TX and RX coil was 60 cm. (3) the required output power was 50 W, and load resistance was 6 Ω. For full utilization of the given space, square coils were assumed for the TX and RX coils as shown in Figure 2 . The design parameters to be determined for a square coil were the inner diameter ( ), turn spacing (s), width of the turn (w), and the number of turns of the transmitter and the receiver coils (ntx and nrx). The design spans for the parameters are summarized in Table 1 . Pareto optimality [27] , a multi-objective optimization theory, was applied in the coil design process. The maximization of the power transfer efficiency ( ) and minimization of the total usage of the copper ( ) were two objectives during optimization. The power transfer efficiency and total mass of the copper depending on the coil shape change were calculated using (1) [28] and (2).
( ) = * * *
where, 0 is the operating frequency of the system, M is the mutual inductance between the transmitter and the receiver, 1 and 2 are the equivalent series resistances (ESRs) of the transmitter and the receiver coils, respectively, is the load resistance of the system, is the density of the copper, , and t are the total length, width, and the thickness of the coil trace, respectively. The mutual inductance and the ESRs of the TX and RX coils were calculated for each Previously, a 12-V, 12-Ah Pb-battery and a photovoltaic (PV) battery charger were used as an energy source. The PV charger was attached to an arm of a support pole (see Figure 1a) . It solved the high voltage isolation problem. However, the size and weight of the PV module required to supply sufficient power (larger than 50 W) to the monitoring system were too large and heavy to be installed on the arm.
Instead of the PV module, an inductive WPT system was proposed that is able to wirelessly transmit energy over the insulator in [11, 12] . According to [13] , the inductive WPT system was more efficient compared to other technologies like a capacitive WPT system or a far-field power radiating system. The distance between the coils of the target WPT system was over 60 cm and output power was 50 W. The operating frequency of the system was 6.78 MHz (the highest frequency allowed for a WPT system [14] ) to achieve efficient power transmission for this large air-gap. Because of the high operating frequency and large output power, the development of low-loss transmitter and receiver coils and a high efficiency 6.78-MHz inverter are required to construct an effective WPT system. There have been many previous studies that worked on such large air-gap, MHz frequencies WPT systems.
Sample et al. proposed a 7.65-MHz, 70-cm distance WPT system in 2011 [15] . The authors used two circular coils with diameters of 59 cm as a transmitter and a receiver. The measured coil-to-coil efficiency was 70% at 30 W, 70-cm power transmission. The main focus of the paper was to determine the optimal operating frequencies depending on the change of the distance between the coils. Duong and Lee published a paper demonstrating 30-mW transmission over a distance of 60 cm with a peak efficiency of 46% [16] . In this paper, the main focus of the paper was a mathematical analysis of the coil-to-coil system using an equivalent circuit modeling technique. Lee et al. proposed a coil design methodology for a large air-gap system in [17] . The design methodology identified a feasible design space as its first step. Then the coil-to-coil efficiency, copper usage, control stability, and other performance metrics were calculated in the entire design space, and a weighted sum of the metrics was calculated to determine an optimal design for the transmitter and the receiver coils. Based on the proposed methodology, a 95% coil-to-coil efficiency was achieved at a distance of 30 cm and 3.74-MHz operation. However, these aforementioned papers did not consider the feasibility and efficiency of MHz operation inverters, even though it is challenging to build an efficient high-power converter at these high frequencies.
The literature [18] [19] [20] [21] [22] focused on the development of high efficiency MHz switching class-E amplifiers for loosely-coupled WPT systems. Class-E amplifiers are very common in radio-frequency (RF) application since the amplifier requires only one low-side switch for power conversion. However, the class-E inverter requires a bulky DC inductor, and the optimal circuit parameters (e.g., shunt capacitances) are highly dependent on the operating conditions (load, duty cycle, and operating frequency, etc.) [23] . Therefore, the class-E inverter requires fine tuning of the circuit parameters depending on the load and operation conditions.
Instead of the class-E inverter, recent rapid evolution of large bandgap semiconductor switches (Silicon-carbide (SiC) and Gallium-nitride (GaN) Metal-Oxide-Semiconductor Field-Effect Transistor (MOSFET)) and their gate drivers have enabled significant advancement of radio-frequency halfand full-bridge switch-mode inverters. Multiple papers reported on GaN-based full-bridge inverters for WPT systems in 2017 [24] [25] [26] . Zhao et al. proposed a multi-frequency pulse-width-modulation (MFPWM) scheme which was implemented using a GaN-based full-bridge inverter [24] . Using MFPWM, an inverter can simultaneously transmit power to two receivers that operate at 100 kHz and at 6.78 MHz. Since the focus of the research was the transmission of power to multiple receivers, rather than improvement of the inverter efficiency using GaN switches, the efficiency of the developed inverter was not sufficiently high to be used for a system operating at a few tens of Watts. Bonache-Samaniego et al. proposed a self-oscillating resonant converter that operates at 6.78 MHz [25] . The gate signals of the developed full-bridge inverter's GaN switches were generated using the sensed current of the resonant tank. The proposed system was useful in the construction of a low cost and simple inverter. However, it was not suitable for the control of the operating frequency, duty, or power level. Xue and Zhang demonstrated a 50-W, 6.78-MHz, 90% efficiency GaN-based inverter for a WPT system. The main focus of the paper was the design of a filter network to achieve a wider zero-voltage-switching (ZVS) range and higher efficiency at light loads. The research used a 13.56-MHz oscillator and a D-flip-flop to generate a 6.78-MHz gate drive signal. The output power was controlled using a phase-shift control of the legs of the inverter based on a phase delay element.
In this paper, a novel 50-W, 60-cm distance wireless power system operating at a frequency of 6.78 MHz is proposed. The design and fabrication methodologies for the transmitter and the receiver coils, a 100-W, 6.78-MHz H-bridge inverter using GaN switches, and a 50-W, 6.78-MHz full-wave rectifier design are investigated. The power level and efficiency of the proposed system were experimentally evaluated. In the first part of the paper, design methodology for the transmitter and receiver coil is proposed using a Pareto optimality, a multi-objective optimization technique. The designed coils are fabricated on a printed-circuit-board (PCB) for ease of mass-production. The dominant sources of losses of the PCB coils are identified and the methods for fabrication of low-loss coils at 6.78-MHz frequencies are presented. The details of a 100-W, 6.78-MHz operating E-HEMT GaN-based H-bridge inverter is explained in the following section. The H-bridge inverter is developed to supply power to the transmitter coil. The gate signals of the switches are controlled using a commercial 32-bit digital-signal-processor, and the details of the PCB layout techniques for low parasitic inductance and an effective heat dissipation are discussed. Finally, the performance evaluation of the developed system is presented using experimental results. Efficiencies and losses of each component of the system are measured and compared. Also, the dependence of the DC-to-DC efficiency on the distance, load, and operating frequency is evaluated with the test-bed.
Target System Configuration
A photo of the target catenary monitoring system is shown in Figure 1a . The catenary monitoring system has multiple sensors that were installed on the catenary, a data acquisition (DAQ) system that gathers information from the sensors and wirelessly transmits the information to a data center, and a battery pack as an energy source. A WPT system that can transmit 50 W over a 60-cm distance (the length of the insulator) is proposed. A schematic of the proposed WPT system is shown in Figure 1b . The proposed WPT system collects power from a 220-V rms single-phase grid and converts it to DC with a diode rectifier. Then, it is converted to a 6.78-MHz AC voltage and supplied to the transmitter (TX) coil using a GaN-based H-bridge inverter. The induced voltage of a receiver coil that is weakly coupled to the transmitter is rectified and supplied to the battery using a full-wave diode rectifier. The design details of the transmitter and the receiver coils, 6.78-MHz resonant inverter, and receiver side rectifier are described in following sections.
Development of Transmitter and Receiver coils
Transmitter and Receiver coil Design
There were three main constraints with regard to the design of the transmitter (TX) and the receiver (RX) coils; (1) the maximum sizes of the TX and RX coils were limited to 40 cm × 40 cm, (2) the minimum distance between the TX and RX coil was 60 cm. (3) the required output power was 50 W, and load resistance was 6 Ω. For full utilization of the given space, square coils were assumed for the TX and RX coils as shown in Figure 2 . The design parameters to be determined for a square coil were the inner diameter (d in ), turn spacing (s), width of the turn (w), and the number of turns of the transmitter and the receiver coils (n tx and n rx ). The design spans for the parameters are summarized in Table 1 . Pareto optimality [27] , a multi-objective optimization theory, was applied in the coil design process. The maximization of the power transfer efficiency (η) and minimization of the total usage of the copper (m) were two objectives during optimization. The power transfer efficiency and total mass of the copper depending on the coil shape change were calculated using (1) [28] and (2) .
where, ω 0 is the operating frequency of the system, M is the mutual inductance between the transmitter and the receiver, R 1 and R 2 are the equivalent series resistances (ESRs) of the transmitter and the receiver coils, respectively, R L is the load resistance of the system, ρ is the density of the copper, l, w and t are the total length, width, and the thickness of the coil trace, respectively. The mutual inductance and the ESRs of the TX and RX coils were calculated for each combination of the inner diameter, turn-spacing, width of the turn, and the number of the turns. The mutual inductance was calculated using a numerical integration of the flux linkage between the coils. According to [29] , the z-directional magnetic field intensity at point P (H z ) generated by a square transmitter coil follows (3) .
Then, the total flux linkage (λ) at the receiver coil and resulting mutual inductance (M) can be calculated. H z is the z-directional magnetic field intensity at point P, I is the current flowing in the transmitter coil, n tx is the number of turns of the transmitter coil, d Figure 3) , dA k is the infinitesimal area element in k-th turn of the receiver coil, µ 0 is the permeability of air, λ is the total flux linkage at receiver coil, and M is the resulting mutual inductance. The ESRs of the transmitter and the receiver coils were calculated using (4).
where l is the total length of the coil, w is the width of the trace of the coil, σ is the conductivity of copper, and δ (= 25.4 µm) is the skin-depth of the copper at 6.78 MHz. Figure 4 shows a η − m distribution in the entire coil design space.
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Since the goal function was to maximize the efficiency while minimizing copper usage, non-dominated solutions (Pareto front) were located at the upper left corner of the plot. The brown line in the figure represents the Pareto front. Among the non-dominated solutions, one of the solutions with 87% efficiency and 110 g of copper usage was selected for the TX and RX coil design. This solution is denoted as a magenta X in the plot. It is notable that the decision was made for high efficiency rather than low copper mass. The selected design parameters for the TX and RX coils are summarized in Table 2 . 
Finite Element Analysis of Transmitter and Receiver
The selected design was evaluated by finite element analysis (FEA) results using the full-wave simulation software ANSYS HFSS (19.0, ANSYS, Canonsburg, PA, USA) and ANSYS DESIGNER (19.0, ANSYS, Canonsburg, PA, USA). Figure 5a shows a simulation model of the WPT system and Figure 5b shows the resulting coil-to-coil efficiency vs. operating frequency for a 6 Ω load. The theoretical efficiency was calculated using (1). It should be noted that the theoretical and the simulated results are in good agreement with each other.
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High Q coil Fabrication
Because of the large diameter and a small number of turns of the TX and RX coils, the coils were fabricated using a PCB for ease of mass-production. Fabrication of a high-quality factor transmitter and the receiver coils on the PCB is discussed in a previous paper [12] . A summary of the previous paper is provided in this chapter. At high frequencies, especially in the MHz frequency ranges, the reduction of three primary types of losses was important to achieve high quality factor (Q-factor) coils on the PCB. These include skin-effect loss, proximity-effect loss, and dielectric loss. Because of the target WPT system's high operating frequency, skin-and proximity-effect losses were critical in 
Because of the large diameter and a small number of turns of the TX and RX coils, the coils were fabricated using a PCB for ease of mass-production. Fabrication of a high-quality factor transmitter and the receiver coils on the PCB is discussed in a previous paper [12] . A summary of the previous paper is provided in this chapter. At high frequencies, especially in the MHz frequency ranges, the reduction of three primary types of losses was important to achieve high quality factor (Q-factor) coils on the PCB. These include skin-effect loss, proximity-effect loss, and dielectric loss. Because of the target WPT system's high operating frequency, skin-and proximity-effect losses were critical in the process of analyzing the Ohmic loss of the copper trace. In addition, the dielectric loss of the PCB substrate was important in determining the entire loss of the PCB coil because it can dominate other losses when the coil is not designed properly. According to the full-wave simulation results in [12] , the dielectric loss was approximately 10 times greater than the Ohmic loss when the PCB substrate was a very common material, FR-4. A low dissipation factor PCB material (IS680 [30] ) was very effective in reducing dielectric loss (see Table 3 ). Figure 6a ,b show the distributions of the dielectric losses at the transmitter and the receiver coils when they transfer 50 W to a load. the dielectric loss was approximately 10 times greater than the Ohmic loss when the PCB substrate was a very common material, FR-4. A low dissipation factor PCB material (IS680 [30] ) was very effective in reducing dielectric loss (see Table 3 ). Figure 6a ,b show the distributions of the dielectric losses at the transmitter and the receiver coils when they transfer 50 W to a load.
It should be noted that the transmitter and receiver coils using FR-4 substrates have much higher dielectric losses compared to the losses associated with the coils using the IS680 substrates. For further reduction of the dielectric loss, compensation capacitors were distributed in the middle of the coil windings as shown in Figure 7 . This was helpful in reducing the electric field intensities between the adjacent turns and additional improvements of the Q-factors of the coils [12] . Figure 7 shows photos of the printed transmitter and receiver coils on IS680 substrates with distributed capacitors. Circuit parameters of the transmitter and the receiver coils were measured using an impedance analyzer and were compared with theoretical and simulation results. Table 4 shows a summary of It should be noted that the transmitter and receiver coils using FR-4 substrates have much higher dielectric losses compared to the losses associated with the coils using the IS680 substrates. For further reduction of the dielectric loss, compensation capacitors were distributed in the middle of the coil windings as shown in Figure 7 . This was helpful in reducing the electric field intensities between the adjacent turns and additional improvements of the Q-factors of the coils [12] . Figure 7 shows photos of the printed transmitter and receiver coils on IS680 substrates with distributed capacitors.
Circuit parameters of the transmitter and the receiver coils were measured using an impedance analyzer and were compared with theoretical and simulation results. Table 4 shows a summary of
the parameters. Theoretical self-inductances of the coils were calculated using Wheeler's formula (5) in [31] while mutual inductance and resistances were calculated using (3) and (4).
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where 1 = 2.34, 2 = 2.75, = ( − )/( + ) is the fill ratio, = ( + )/2 is the average diameter, is an outer diameter, and n is the number of turns. The measured self-and mutual-inductances and the ESRs of the coils matched the simulation results very well. It was notable that the measured Q-factors of the transmitter and the receiver coils were greater than 300, which is remarkably high compared to conventional coils on the PCBs. 
Coil-to-Coil Power Transfer Performance
From the full-wave simulation results, an efficiency in excess of 81% was expected for a 50-W power transfer. To experimentally evaluate the fabricated coils, they were tuned using ceramic capacitors. The resulting tuned frequencies of the coils were measured using a network analyzer, E5061B (Keysight). Figure 8 shows the measured magnitude of the scattering parameters (S-parameters) of the transmitter and the receiver coils when they were 60 cm away from each other. S11 (blue line) and S22 (green line) had their minimum values at the tuned frequency, 6.87 MHz. S21 (red line), the transmission coefficient, was also maximized at the tuned frequency. This tuned frequency was 1.3% higher than the target frequency of 6.78 MHz, but this tuning frequency error was ignored in the experiment because the error has a negligible impact on the peak power transfer efficiency as shown in Figures 9 and 10 . Moreover, a GaN-based H-bridge inverter that will be explained in a following section could adjust its output frequency in 0.01-MHz steps.
The coil-to-coil efficiency was measured using two different tests. The first measurement was performed using the E5061B and its real-time WPT coil analysis software that can simulate coil-to-coil efficiency in real-time with arbitrary load settings based on the measured S-parameters of the resonant coils [32] . Using the S-parameters of the coils, the input and output power, efficiency, and the input impedance of the coil-to-coil system were simulated in real-time. The simulation results are shown in Figure 9 . The blue and red lines show the input and the output power of the coils when the input voltage of the transmitter coil is set to 20 V rms and a virtual load of 6 Ω is connected to the receiver coil. As shown in the figure, the peak power transfer efficiency was approximately 77% when the operating frequency was 6.87 MHz with input and output powers of 84 W and 65 W, respectively. This result was a little lower than the FEA results in Figure 5b . This is because the measured ESRs of the coils were a little higher than the simulated results of the FEA as shown in Figure 7 .
From the full-wave simulation results, an efficiency in excess of 81 % was expected for a 50-W power transfer. To experimentally evaluate the fabricated coils, they were tuned using ceramic capacitors. The resulting tuned frequencies of the coils were measured using a network analyzer, E5061B (Keysight). Figure 8 shows the measured magnitude of the scattering parameters (S-parameters) of the transmitter and the receiver coils when they were 60 cm away from each other. S11 (blue line) and S22 (green line) had their minimum values at the tuned frequency, 6.87 MHz. S21 (red line), the transmission coefficient, was also maximized at the tuned frequency. This tuned frequency was 1.3 % higher than the target frequency of 6.78 MHz, but this tuning frequency error was ignored in the experiment because the error has a negligible impact on the peak power transfer efficiency as shown in Figures 9 and 10 . Moreover, a GaN-based H-bridge inverter that will be explained in a following section could adjust its output frequency in 0.01-MHz steps.
The coil-to-coil efficiency was measured using two different tests. The first measurement was performed using the E5061B and its real-time WPT coil analysis software that can simulate coil-to-coil efficiency in real-time with arbitrary load settings based on the measured S-parameters of the resonant coils [32] . Using the S-parameters of the coils, the input and output power, efficiency, and the input impedance of the coil-to-coil system were simulated in real-time. The simulation results are shown in Figure 9 . The blue and red lines show the input and the output power of the coils when the input voltage of the transmitter coil is set to 20 Vrms and a virtual load of 6 Ω is connected to the receiver coil. As shown in the figure, the peak power transfer efficiency was approximately 77 % when the operating frequency was 6.87 MHz with input and output powers of 84 W and 65 W, respectively. This result was a little lower than the FEA results in Figure 5b . This is because the measured ESRs of the coils were a little higher than the simulated results of the FEA as shown in Figure 7 . The coil-to-coil efficiency was evaluated experimentally as well. Using a variable frequency H-bridge inverter, the power transfer efficiency between the transmitter and the receiver coils was measured at various frequencies. In regard to the measurement of the coil-to-coil efficiency, an oscilloscope (HDO8108A, TeledyneLecroy, Chestnut Ridge, NY, USA) with a 12-bit ADC resolution, 10 GS/s sample rate, 1 GHz bandwidth, a differential voltage probe (HVD3605A, TeledyneLecroy, Chestnut Ridge, NY, USA) and a current probe (CP031, TeledyneLecroy, Chestnut Ridge, NY, USA) with a measurement bandwidth of 100 MHz (14 times higher than 6.87 MHz) were used. The measured efficiency is plotted in Figure 10 . A peak power transfer efficiency occurred when the The coil-to-coil efficiency was evaluated experimentally as well. Using a variable frequency H-bridge inverter, the power transfer efficiency between the transmitter and the receiver coils was measured at various frequencies. In regard to the measurement of the coil-to-coil efficiency, an oscilloscope (HDO8108A, TeledyneLecroy, Chestnut Ridge, NY, USA) with a 12-bit ADC resolution, 10 GS/s sample rate, 1 GHz bandwidth, a differential voltage probe (HVD3605A, TeledyneLecroy, Chestnut Ridge, NY, USA) and a current probe (CP031, TeledyneLecroy, Chestnut Ridge, NY, USA) with a measurement bandwidth of 100 MHz (14 times higher than 6.87 MHz) were used. The measured efficiency is plotted in Figure 10 . A peak power transfer efficiency occurred when the operating frequency was 6.86 MHz, which was very close to the result in Figure 9 . The peak value was 77%, which was very similar to the real-time simulated results in Figure 9 . These results demonstrate the validity of the coil design and fabrication methodologies described in Sections 3.1 and 3.3.
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6.78-MHz, 100-W, 92 % Efficiency H-Bridge Inverter
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After multiple failures in an attempt to develop a high-frequency inverter, the authors discovered that the PCB layout of the driver and GaN switches were the most important factors in operating frequency was 6.86 MHz, which was very close to the result in Figure 9 . The peak value was 77 %, which was very similar to the real-time simulated results in Figure 9 . These results demonstrate the validity of the coil design and fabrication methodologies described in Sections 3.1 and 3.3. 
6.78-MHz, 100-W, 92 % Efficiency H-Bridge Inverter
PCB Layout
After multiple failures in an attempt to develop a high-frequency inverter, the authors discovered that the PCB layout of the driver and GaN switches were the most important factors in Figure 10 . Measured coil-to-coil efficiency with 6 Ω load resistor.
6.78-MHz, 100-W, 92% Efficiency H-Bridge Inverter
In order to supply 50 W using the 77% efficient transmitter and receiver coils, the development of a high efficiency, 6.78-MHz, 100-W, H-bridge inverter was investigated. Four GS61004B, 100-V, 35-A, enhancement mode HEMT (High-electron-mobility transistor) GaN switches (GaN Systems, Ottawa, ON, Canada), and two TI's LM5113 half-bridge drivers (TI, Dallas, TX, USA) were used. A TI's 32-bit microcontroller, TMS320F28377S (TI, Dallas, TX, USA), was used as a gate signal generator and a power controller. The details of the developed inverter are presented in the following sections.
PCB Layout
After multiple failures in an attempt to develop a high-frequency inverter, the authors discovered that the PCB layout of the driver and GaN switches were the most important factors in determining its performance. Two features are of notable importance in the PCB design. The first is a parasitic inductance between the gate driver and the GaN switch. Due to the high operating frequency (6.78 MHz), parasitic inductances between the gate drivers and the switches form resonance circuits with the input capacitances of the GaN switches. This resulted in unwanted ringing of the gate drive signal. This ringing caused undesirable on/off and failures of the GaN switches.
The second aspect to be considered is a heat dissipation of the GaN switches to achieve high power generation (100 W) compared to the size of the switch package. The GS61004B switch was designed to sink heat to the bottom side of its package, especially through its source pad. Per its datasheet, the required PCB pattern under its source and drain pin is over 25 × 25 mm 2 for optimum heat dissipation. However, this large pad requirement leads to a large gap between the gate driver and the GaN switch and resulted in a large parasitic inductance between the driver and switch. Figure 11a shows the initial PCB layout of the inverter that focused on the heat dissipation of the four switches. In this initial design, the PCB pattern under the source pin of the switches was 25 mm × 25 mm. To avoid additional thermal burden on the PCB, the gate drivers (LM5113) were positioned 4 cm away from the GaN switches. However, this 4-cm separation caused significant ringing of the gate drive signal and the operation of the GaN switches was not stable even at 0.5 MHz.
designed to sink heat to the bottom side of its package, especially through its source pad. Per its datasheet, the required PCB pattern under its source and drain pin is over 25 × 25 mm 2 for optimum heat dissipation. However, this large pad requirement leads to a large gap between the gate driver and the GaN switch and resulted in a large parasitic inductance between the driver and switch. Figure 11a shows the initial PCB layout of the inverter that focused on the heat dissipation of the four switches. In this initial design, the PCB pattern under the source pin of the switches was 25 mm x 25 mm. To avoid additional thermal burden on the PCB, the gate drivers (LM5113) were positioned 4 cm away from the GaN switches. However, this 4-cm separation caused significant ringing of the gate drive signal and the operation of the GaN switches was not stable even at 0.5 MHz. Figure 11b shows a revised version of the inverter. The gate drivers were placed 0.8 cm above the switches and only 5 mm × 5 mm of the PCB pattern was allocated to the source pin of the high-side GaN switch. With this compact layout of the driver and switches, the gate signal ringing problem was eliminated. However, the revised version did not allocate sufficient pad area for heat dissipation of the switches. Instead of a large pad, a heat sink was installed at the bottom layer of the PCB in this revised version. The ground plane at the bottom layer of the PCB was uncovered as shown in Figure 11c . The generated heat from the switches and gate drivers was transferred to this bottom plane and cooled using a heat sink that was assembled with a fan (see Figure 11d) . A thermal image of the fabricated inverter is shown in Figure 11e . The maximum temperature rise of the GaN switch's package was 15 °C compared to its initial temperature when the inverter output power was 81 W. Figure 12 shows a measured input and output voltages and currents of the inverter with 25 Vrms input voltage and 6 Ω load. The measured input power was 88 W and output power was 81 W. Therefore, the efficiency of the resonant inverter was 92 %. Figure 11b shows a revised version of the inverter. The gate drivers were placed 0.8 cm above the switches and only 5 mm × 5 mm of the PCB pattern was allocated to the source pin of the high-side GaN switch. With this compact layout of the driver and switches, the gate signal ringing problem was eliminated. However, the revised version did not allocate sufficient pad area for heat dissipation of the switches. Instead of a large pad, a heat sink was installed at the bottom layer of the PCB in this revised version. The ground plane at the bottom layer of the PCB was uncovered as shown in Figure 11c . The generated heat from the switches and gate drivers was transferred to this bottom plane and cooled using a heat sink that was assembled with a fan (see Figure 11d) . A thermal image of the fabricated inverter is shown in Figure 11e . The maximum temperature rise of the GaN switch's package was 15 • C compared to its initial temperature when the inverter output power was 81 W. Figure 12 shows a measured input and output voltages and currents of the inverter with 25 V rms input voltage and 6 Ω load. The measured input power was 88 W and output power was 81 W. Therefore, the efficiency of the resonant inverter was 92%. 
Switch Control
The gate drive signals of the inverter were digitally controlled using a TI's 200-MHz, 32-bit microcontroller unit (MCU), TMS320F28377S. The resolution of a PWM (Pulse width modulation) module of the MCU was 5 ns when the system clock was 200 MHz. The PWM module was able to generate pulses with periods of 145 ns (6.67 MHz) or 150 ns (6.89 MHz) with a single count change. PWM signals in the frequency range of 6.67 MHz to 6.89 MHz could not be generated. However, the target WPT system had very high Q coils and the transmitted power and efficiency were very sensitive to the operating frequency as shown in Figure 9 . Therefore, the regular PWM module was not suitable for 6.78-MHz operation. Instead of the regular PWM module, a high-resolution pulse width modulation (HRPWM) module capable of enhancing the resolution of the PWM to 180 ps was used for fine adjustment of the PWM frequency. Using the HRPWM, it was possible to change the operating frequency in 0.01-MHz steps. Phase-shift control and frequency control of the inverter switches were easily implemented using the MCU. Figure 13 shows a photo of the entire assembled inverter board.
Receiver Side Full-Wave Rectifier Design
The series-tuned receiver coil was coupled to a full-bridge rectifier. The rectifier diodes were 100-V, 8-A, Schottky barrier diodes (PMEG100V080ELPD from NXP, Eindhoven, Netherlands) with a 10-ns reverse recovery time when the forward current is 0.5 A. To minimize unwanted parasitic inductances and capacitances that can alter the tuning frequency of the RX coil, four diodes were placed very close to the BNC terminals. Two low-side diodes were connected on top of the PCB and high-side diodes were connected at the bottom of the PCB as shown in Figure 14a . Multiple ceramic capacitors and two polymer aluminum capacitors were used as a filter. The diodes were designed for heat dissipation through its cathode pad. Therefore, a heat sink was installed at the rectifier's positive DC plane as shown in Figure 14b. Figure 15 shows a configuration of the test-bed. The H-bridge inverter was connected to the transmitter resonant tank through a coaxial cable (16 AWG, American wire guage) with a BNC 
Experimental Evaluation
Experimental Setup
Switch Control
The gate drive signals of the inverter were digitally controlled using a TI's 200-MHz, 32-bit microcontroller unit (MCU), TMS320F28377S. The resolution of a PWM (Pulse width modulation) module of the MCU was 5 ns when the system clock was 200 MHz. The PWM module was able to generate pulses with periods of 145 ns (6.67 MHz) or 150 ns (6.89 MHz) with a single count change. PWM signals in the frequency range of 6.67 MHz to 6.89 MHz could not be generated. However, the target WPT system had very high Q coils and the transmitted power and efficiency were very sensitive to the operating frequency as shown in Figure 9 . Therefore, the regular PWM module was not suitable for 6.78-MHz operation. Instead of the regular PWM module, a high-resolution pulse width modulation (HRPWM) module capable of enhancing the resolution of the PWM to 180 ps was used for fine adjustment of the PWM frequency. Using the HRPWM, it was possible to change the operating frequency in 0.01-MHz steps. Phase-shift control and frequency control of the inverter switches were easily implemented using the MCU. Figure 13 shows a photo of the entire assembled inverter board. termination. Also, the receiver coil was connected to the diode rectifier with the same coaxial cable and termination. A Chroma's DC electronic load, 63102 (Chroma, Foothill Ranch, CA, USA) was used with a constant resistor mode setting. Figure 16 shows a photo of the entire test-bed. Instead of the DC electronic load, two 20-W, 12-V DC light bulbs were connected to the rectifier's output terminal to demonstrate wireless energy transmission over 60 cm. Using this test-bed, the power transfer efficiency at various distances, load power, and operating frequency was measured. Figure 13 . A photo of the assembled H-bridge inverter. 
Receiver Side Full-Wave Rectifier Design
The series-tuned receiver coil was coupled to a full-bridge rectifier. The rectifier diodes were 100-V, 8-A, Schottky barrier diodes (PMEG100V080ELPD from NXP, Eindhoven, Netherlands) with a 10-ns reverse recovery time when the forward current is 0.5 A. To minimize unwanted parasitic inductances and capacitances that can alter the tuning frequency of the RX coil, four diodes were placed very close to the BNC terminals. Two low-side diodes were connected on top of the PCB and high-side diodes were connected at the bottom of the PCB as shown in Figure 14a . Multiple ceramic capacitors and two polymer aluminum capacitors were used as a filter. The diodes were designed for heat dissipation through its cathode pad. Therefore, a heat sink was installed at the rectifier's positive DC plane as shown in Figure 14b . Figure 15 shows a configuration of the test-bed. The H-bridge inverter was connected to the transmitter resonant tank through a coaxial cable (16 AWG, American wire guage) with a BNC termination. Also, the receiver coil was connected to the diode rectifier with the same coaxial cable and termination. A Chroma's DC electronic load, 63102 (Chroma, Foothill Ranch, CA, USA) was used with a constant resistor mode setting. Figure 17 shows the measured input DC voltage and current of the H-bridge inverter and output DC voltage and current of the rectifier when the load resistance was 6 Ω. Because the efficiency was maximized when the operating frequency was 6.86 MHz, the switching frequency of the inverter was 6.86 MHz. The measured output power was 47.1 W while the measured input power was 82.3 W. Therefore, the measured DC-to-DC power transfer efficiency was 57 %. This result was relatively low compared to the measured efficiency between the coils which was 77 % at its rated operation.
Experimental Evaluation
Experimental Setup
Efficiency Analysis of the Developed System
For a loss analysis of the developed system, the efficiency of every component of the system was measured and denoted in Figure 15 . It was found that additional losses were coming from the 16 AWG coaxial cables. This is a notable point since a coaxial cable of only 10 cm in length had a comparable power transfer efficiency to the inverter and the rectifier. Although the cross-sectional area of the coaxial cable (1.3 mm 2 ) was sufficient to carry a 5-Arms transmitter current at low frequencies, it was not appropriate to carry the same current at 6.78 MHz. Figure 17 shows the measured input DC voltage and current of the H-bridge inverter and output DC voltage and current of the rectifier when the load resistance was 6 Ω. Because the efficiency was maximized when the operating frequency was 6.86 MHz, the switching frequency of the inverter was 6.86 MHz. The measured output power was 47.1 W while the measured input power was 82.3 W. Therefore, the measured DC-to-DC power transfer efficiency was 57%. This result was relatively low compared to the measured efficiency between the coils which was 77% at its rated operation.
For a loss analysis of the developed system, the efficiency of every component of the system was measured and denoted in Figure 15 . It was found that additional losses were coming from the 16 AWG coaxial cables. This is a notable point since a coaxial cable of only 10 cm in length had a comparable power transfer efficiency to the inverter and the rectifier. Although the cross-sectional area of the coaxial cable (1.3 mm 2 ) was sufficient to carry a 5-A rms transmitter current at low frequencies, it was not appropriate to carry the same current at 6.78 MHz. Figure 18 shows the estimated loss percentages of the developed system. The conduction losses of the H-bridge inverter and the RX side rectifier were calculated using R DS(on) (37 mΩ) and the forward voltage drop of the rectifying diodes based on their datasheet. The switching loss of the inverter was calculated by subtracting the conduction loss from the total loss associated with the inverter. The losses of the transmitter and receiver coils were calculated using their measured resistance and measured root-mean-square (RMS) of the currents of the coils. It should be noted that the losses of the transmitter and receiver coils overwhelmed other losses. The switching loss of the inverter was second largest loss in the developed system. Therefore, the coil design and fabrication method were key in improving the efficiency of this loosely-coupled WPT system. To evaluate the effectiveness of the developed system on large distance power transmission, efficiency values were measured at various distances of the transmitter and the receiver coils. The distance was increased from 60 cm to 80 cm in 5-cm steps. Figure 19 shows the measured efficiencies when the load was 6 Ω, the input power was 80 W, and the operating frequency was 6.86 MHz. When the distance was 60 cm, the efficiency was 57%. However, this value monotonically decreased to 29% when the distance was 80 cm. It is notable that the total efficiency is reduced by approximately 7% for every 5-cm increase in the distance of the coils. This shows that the efficiency of the proposed system is sensitive to the distance of the coils. For this outdoor large air-gap WPT system, appropriate fixtures and installation guidelines are required to prevent a significant degradation of its performance due to wind and other severe weather conditions. The impact of the operating frequency on the efficiency of the test-bed was also evaluated as shown in Figure 20 . The measured overall efficiency was also maximized when the operating frequency was 6.86 MHz. The efficiency decreased as the operating frequency moved away from the tuned frequency. The efficiency was decreased to 38% when the operating frequency was 6.94 MHz. This is 0.08 MHz higher than the tuned frequency. This result demonstrates that fine control of the inverter operating frequency is a critical factor of power transfer efficiency. Figure 18 shows the estimated loss percentages of the developed system. The conduction losses of the H-bridge inverter and the RX side rectifier were calculated using RDS(on) (37 mΩ) and the forward voltage drop of the rectifying diodes based on their datasheet. The switching loss of the inverter was calculated by subtracting the conduction loss from the total loss associated with the inverter. The losses of the transmitter and receiver coils were calculated using their measured inverter was second largest loss in the developed system. Therefore, the coil design and fabrication method were key in improving the efficiency of this loosely-coupled WPT system. To evaluate the effectiveness of the developed system on large distance power transmission, efficiency values were measured at various distances of the transmitter and the receiver coils. The distance was increased from 60 cm to 80 cm in 5-cm steps. Figure 19 shows the measured efficiencies when the load was 6 Ω, the input power was 80 W, and the operating frequency was 6.86 MHz. When the distance was 60 cm, the efficiency was 57 %. However, this value monotonically decreased to 29 % when the distance was 80 cm. It is notable that the total efficiency is reduced by approximately 7 % for every 5-cm increase in the distance of the coils. This shows that the efficiency of the proposed system is sensitive to the distance of the coils. For this outdoor large air-gap WPT system, appropriate fixtures and installation guidelines are required to prevent a significant degradation of its performance due to wind and other severe weather conditions. The impact of the operating frequency on the efficiency of the test-bed was also evaluated as shown in Figure 20 . The measured overall efficiency was also maximized when the operating frequency was 6.86 MHz. The efficiency decreased as the operating frequency moved away from the tuned frequency. The efficiency was decreased to 38 % when the operating frequency was 6.94 MHz. This is 0.08 MHz higher than the tuned frequency. This result demonstrates that fine control of the inverter operating frequency is a critical factor of power transfer efficiency. Figure 19 shows the measured efficiencies when the load was 6 Ω, the input power was 80 W, and the operating frequency was 6.86 MHz. When the distance was 60 cm, the efficiency was 57 %. However, this value monotonically decreased to 29 % when the distance was 80 cm. It is notable that the total efficiency is reduced by approximately 7 % for every 5-cm increase in the distance of the coils. This shows that the efficiency of the proposed system is sensitive to the distance of the coils. For this outdoor large air-gap WPT system, appropriate fixtures and installation guidelines are required to prevent a significant degradation of its performance due to wind and other severe weather conditions. The impact of the operating frequency on the efficiency of the test-bed was also evaluated as shown in Figure 20 . The measured overall efficiency was also maximized when the operating frequency was 6.86 MHz. The efficiency decreased as the operating frequency moved away from the tuned frequency. The efficiency was decreased to 38 % when the operating frequency was 6.94 MHz. This is 0.08 MHz higher than the tuned frequency. This result demonstrates that fine control of the inverter operating frequency is a critical factor of power transfer efficiency.
Measurement conditions: Finally, the impact of load resistance on the efficiency of the system was evaluated. Figure 21 shows the result of an efficiency vs. load resistance plot. When the load resistance has a rated value RL = 6 Ω, the power transfer efficiency is maximized to 57 %. As the load resistance increased or decreased, the power transfer efficiency decreased, and the efficiency is only 35 % when the load resistance is 30 Ω. This plot shows that there is an optimal load resistance for a maximum power transmission.
Measurement conditions: f = 6.86 MHz Finally, the impact of load resistance on the efficiency of the system was evaluated. Figure 21 shows the result of an efficiency vs. load resistance plot. When the load resistance has a rated value R L = 6 Ω, the power transfer efficiency is maximized to 57%. As the load resistance increased or decreased, the power transfer efficiency decreased, and the efficiency is only 35% when the load resistance is 30 Ω. This plot shows that there is an optimal load resistance for a maximum power transmission.
Finally, the impact of load resistance on the efficiency of the system was evaluated. Figure 21 shows the result of an efficiency vs. load resistance plot. When the load resistance has a rated value RL = 6 Ω, the power transfer efficiency is maximized to 57 %. As the load resistance increased or decreased, the power transfer efficiency decreased, and the efficiency is only 35 % when the load resistance is 30 Ω. This plot shows that there is an optimal load resistance for a maximum power transmission.
Measurement conditions: f = 6.86 MHz Figure 21 . Efficiency dependence on load resistance.
Conclusions
In this paper, a new 6.78-MHz, 50-W, over 60 cm wireless power transfer system is proposed. The design and fabrication methodologies for the coils, a GaN-based 6.78-MHz H-bridge inverter, and a rectifier were explained. Using a multi-objective optimization method, Pareto optimality, the transmitter and the receiver coil were determined to a 4-turn and a 5-turn, 40 cm × 40 cm square coils. The selected transmitter and receiver coils were fabricated on a PCB. It was shown that the dielectric loss of the PCB substrate can dominate Ohmic loss of copper traces at MHz frequencies. A PCB substrate with very low dissipation factor was used to reduce the dielectric loss of the coils. The fabricated coils had over 350 Q-factors at 6.78 MHz. The peak coil-to-coil efficiency for the WPT system was 77 % at 60 cm air-gap.
In addition, a 6.78-MHz, 100-W, 92 % efficiency, GaN-based H-bridge inverter was developed. Two important points were considered in the development of the inverter: a low parasitic inductance of the gate drive circuit and a good heat dissipation of the GaN switch at its rated output power. Parasitic inductances between the gate drivers and GaN switches caused significant ringing of the on/off signals and poor operation performances even at sub-MHz frequencies. A close positioning of the gate driver to the switch was the key for 6.78-MHz operation. However, the 
In this paper, a new 6.78-MHz, 50-W, over 60 cm wireless power transfer system is proposed. The design and fabrication methodologies for the coils, a GaN-based 6.78-MHz H-bridge inverter, and a rectifier were explained. Using a multi-objective optimization method, Pareto optimality, the transmitter and the receiver coil were determined to a 4-turn and a 5-turn, 40 cm × 40 cm square coils. The selected transmitter and receiver coils were fabricated on a PCB. It was shown that the dielectric loss of the PCB substrate can dominate Ohmic loss of copper traces at MHz frequencies. A PCB substrate with very low dissipation factor was used to reduce the dielectric loss of the coils. The fabricated coils had over 350 Q-factors at 6.78 MHz. The peak coil-to-coil efficiency for the WPT system was 77% at 60 cm air-gap.
In addition, a 6.78-MHz, 100-W, 92% efficiency, GaN-based H-bridge inverter was developed. Two important points were considered in the development of the inverter: a low parasitic inductance of the gate drive circuit and a good heat dissipation of the GaN switch at its rated output power. Parasitic inductances between the gate drivers and GaN switches caused significant ringing of the on/off signals and poor operation performances even at sub-MHz frequencies. A close positioning of the gate driver to the switch was the key for 6.78-MHz operation. However, the congregating of the gate drivers and switches was inferior in cooling and heat dissipation of the inverter. To resolve the thermal issues, the ground plane at the bottom of the PCB was uncovered, and a heatsink with a fan was attached to the PCB. The fabricated 6.78-MHz resonant inverter had a 92% efficiency and the peak temperature was lower than 45 • C at its rated output. Using a high-resolution PWM module of the TI's MCU, the switching signals could be changed in 0.01-MHz steps. This was very helpful in fine tuning of the high Q-factor coils. Using a full-wave rectifier that was built using four Schottky barrier diodes, the induced voltage and current of the receiver coil were converted to DC values.
The measured DC-to-DC efficiency of the developed WPT system was 57% when the output power was 47 W. The efficiencies of individual components of the system were measured and lossy parts were identified. The impacts of the coil distance, operating frequency, and load resistance on the power transfer efficiency were also evaluated. As the distance increased from 60 cm to 80 cm, the efficiency decreased from 57% to 29% (about a half of the initial value). Therefore, the distance was important in the efficiency of the WPT system. Also, the efficiency decreased from 57% to 38% when the operating frequency was increased from 6.86 MHz to 6.94 MHz (a change of only 0.08 MHz). Finally, the dependence of efficiency on the load resistance was tested. It was shown that there was an optimal load value that maximizes the efficiency, and this value was determined to be 6 Ω, which corresponds to the target-rated load resistance of the developed system.
